Abstract. The geographic distribution of Fasciola hepatica infection in relation to management routines was studied in Swedish dairy herds by testing for F. hepatica antibodies with the enzyme-linked immunosorbent assay (ELISA). In addition, all farmers were sent a questionnaire asking for information about type of production, management routines and historical record of F. hepatica at slaughter. A total of 176 farmers (41%) responded to the questionnaire. A total of 426 bulk tank milk (BTM) samples were randomly selected from the period September to October 2012 representing approximately 10% of all herds in Sweden. The overall seroprevalence was 25% (n = 107; 95% confidence interval = 21-29%) with a concentration of herds located in south-western Sweden. Among the seropositive herds, 31 (29%) had antibody levels indicating production loss. There were no significant differences in seropositivity between organic and conventional herds or due to pasture management routines. The length of grazing period, which increased the risk for heifers, was found to be the most influential factor. A discrepancy was noted between reported F. hepatica presence at meat inspection and herds that were seropositive based on BTM-ELISA results. Although the largest proportion of seropositive BTM samples (80%) came from herds where liver fluke presence had been observed at meat inspection after slaughter, seropositive BTM samples were also diagnosed in five herds (17%) with no remarks at slaughter. In conclusion, F. hepatica is a common parasite in Swedish dairy herds and the month of heifer turn-out and the grazing period length were the most influential factors observed.
Introduction
Liver fluke (Fasciola hepatica) is the causative agent of a production-limiting parasitic disease, fasciolosis, affecting livestock worldwide. The economic impact of fasciolosis has been shown with respect to sheep, beef and dairy cattle production. In the European Union, financial losses in ruminant production due to F. hepatica were recently estimated at €1100-2000 million per annum, with the highest economic impact in dairy production (Anonymous, 2012) .
Fasciolosis occurs mainly as a subclinical disease in dairy cattle, but in highly affected herds it reduces milk yield and quality (Mezo et al., 2011; Charlier et al., 2014) . It has been shown that significant production losses occur in herds with a prevalence of F. hepatica infection of 25% or higher (Vercruysse and Claerebout, 2001) . Detection of antibodies to liver fluke by the enzyme-linked immunosorbent assay (ELISA) in bulk tank milk (BTM) samples (Duscher et al., 2011) is currently the most common method for F. hepatica diagnosis in dairy production at the herd level (Forbes and Charlier, 2006; Charlier et al., 2007 Charlier et al., , 2011 Charlier et al., , 2014 Salimi-Bejestani et al., 2007; Bennema et al., 2009) . The simplicity of BTM collection provides an easy tool for spatial liver fluke screening at different regional scales. Although the sensitivity of BTM-ELISA is considered to be lower than that of ELISA based on serum and/or individual milk samples (Duscher et al., 2011) , a high positive correlation between F. hepatica-specific BTM antibody levels and herd seroprevalence has been demonstrated (SalimiBejestani et al., 2005) . Minimum in-herd prevalence in flocks for F. hepatica antibodies to be detectable in BTM samples varies from 20% to 60% (Reichel et al., 2005; Salimi-Bejestani et al., 2005; Duscher et al., 2011) .
In Sweden, dairy cattle are the most important livestock commodity in the agriculture sector. In 2012, the total number of cattle in Sweden was approximately 1.5 million, including 348,000 dairy cows distributed between approximately 4,500 herds and with an average herd size of about 80 cows (Swedish Board of Agriculture, 2012) . According to meat inspection data, the prevalence of F. hepatica in Swedish cattle has increased in the past decade (König and Welling, 2013) . Based on a discrepancy we observed earlier between meat inspection data and F. hepatica seroprevalence in beef, we speculated that dairy cattle are similarily affected as beef cattle in Sweden (Novobilský et al., submitted) . Seroprevalence in 210 Swedish dairy herds in south-central Sweden was 7% in 2008 and no significant differences between organic and conventional herds were observed (Höglund et al., 2010) . However, to date no systematic nationwide survey has been performed and risk factors have not been identified. In a study in Belgium, mowing of pasture, length of grazing season, proportion of grass in the diet and herd size were found to be associated with a higher risk of infection . Pasture management has also been suggested as the most crucial factor affecting the risk of Fasciola infection in Sweden, with cows grazing on grass leys being less affected than beef cattle that often graze marginal natural pastures.
The aim of this study was to investigate the spatial distribution of F. hepatica infection in Swedish dairy herds based on BTM-ELISA, and to explore the relationship between risk of exposure to F. hepatica and management factors in Sweden.
Material and methods

Milk samples
BTM samples were collected in September and October 2012 by a technician at the Eurofins (http:// www.eurofins.se/) laboratory in Jönköping, Sweden. The technician randomly selected 10% of samples per county, which produced BTM from 426 farms, at that time representing 8.6% of all dairy herds in Sweden (n = 4,968) (Swedish Board of Agriculture, 2012). As 82% of total milk production in Sweden is concentrated to the southern part of the country (Swedish Board of Agriculture, 2012), sampling was restricted to this area ( Fig. 1) . Milk samples were collected in special tubes pre-treated with bronopol as a preservative. Upon arrival at the laboratory, fat was removed from the milk by centrifugation (16,000 g for 5 min) and the samples were stored at -20°C before being analysed.
Antibodies in milk
F. hepatica antibodies were measured in BTM using the SVANOVIR ® F. hepatica-Ab ELISA test (Boeringer, Fig. 1 . Distribution of all Swedish herds studied (n = 426) including herds for which there was a questionnaire response (n = 176) (A) and the distribution of F. hepatica-seropositive dairy herds in Sweden (B). Uppsala, Sweden). This commercial ELISA kit, where antibodies to F. hepatica are detected based on purified excretory/secretory proteins prepared from crude parasite extracts, and validated for economic thresholds under Belgian conditions using milk samples from naturally infected populations (Charlier et al., 2007) . The results were expressed as the ratio between the optical density of the sample investigated and that of positive controls included on each plate. The cut-off was set at 0.3 meaning that ratios below this level were deemed negative; 0.3-0.6 indicating contact with liver fluke but no interference with production; and ≥0.6 clearly consistent with fluke infection most likely associated with production loss (Vercruysse and Claerebout, 2001; Charlier et al., 2007) .
Questionnaire
In February 2013, a package containing a cover letter and a questionnaire was posted to all farms from which we received BTM, but without information on measured exposure to F. hepatica in their herds (Fig.  1 ). The cover letter described the background and the purpose of the study, assured anonymity of those responding and provided guidance regarding the terminology used and how to complete the questionnaire. We also offered a free diagnostic sample to motivate farmers to respond. Farmers who did not respond were reminded by additional e-mail messages once or a maximum of twice.
The questionnaire was divided into three sections, each comprising between 3 and 12 questions and with 27 in the form of multiple-choice (MC) alternatives and three in the form of sentences where the number of animals or kilograms of milk had to be inserted into blank spaces. The questions concerned: farm and herd size, milk production, dates of turn-out and housing, type and area of pasture grazed by heifers and cows, and abattoir reports on the presence of parasitic diseases. The MC questions contained provided 4-6 alternatives and always included "do not know" as one. Information was also gathered about grazing routines and in particular, parasite control methods employed during the three previous grazing seasons. Before the study, the procedure was tested on 10 farmers and amended whenever ambiguity was detected. Factors recorded in the questionnaires are summarised in (ECM = energy-corrected milk)
Data management and statistical analyses
All herds were located based on their 5-digit postcode using Quantum GIS, version 2.4 (http://www.qgis.org/en/site/). Maps were created based on a Swedish 5-digit postcode vector layer obtained from "Statistics Sweden" (SCB), a Governmental agency producing all official statistics regarding Sweden (http://www.scb.se/).
Questionnaire data and ELISA results were compiled in Excel spreadsheets (Microsoft © ) and then incorporated and analysed using SPSS ® Statistics, version 22.0 (IBM, New York, NY, USA). The effect of management practices with regard to F. hepatica infection status was evaluated by bivariate and multivariate statistical methods. For logistic regression purposes, the ELISA results were simplified and only negative herds (OD <0.3) and positive herds (OD >0.3, i.e. both weakly and highly F. hepatica-positive ones together) were used. The herd infection status based on the ELISA results (expressed as positive = 1 or negative = 0) was always the dependent variable, while management practices (Table 1) served as covariate variables. Bivariate correlation analysis was first carried out, followed by binomial logistic regression analysis for all variables, including Omnibus Tests of Model Coefficients and the Hosmer and Lemeshow Test to express the predictive values. In the first regression modelling, all variables were analysed together. Second, variables were divided into subcategories and six models were obtained: (i) herd type; (ii) specific management practices for cows; (iii) specific management practices for heifers; (iv) length of grazing period for cows and heifers; (v) herd size and milk production; and (vi) reduction in milk production and meat inspection remarks. Third, significant variables from bivariate correlation and the six regression models were selected and included in the final model. Associations between seropositivity and the presence of a patent liver fluke infection (code 79/80) and/or in combination with pathological liver damage observed at slaughter in animals from the same herds during meat inspections for the three previous years (code 83/84) were also examined by cross-tabulation in a contingency analysis in Graph Pad Prism 5.02 (GraphPad Software; CA, USA).
Results
A total of 107 herds (25% prevalence, 95% confidence interval = 21% to 29%) tested positive for F. hepatica antibodies. Thirty-one of these (29%) were highly positive with antibody levels indicating potential production loss. The majority of the highly positive herds (n = 92) were located in south-west Sweden, in the counties of Skåne and Västra Götaland, whereas only 15 positive herds were from the east coast of Sweden (Fig. 1) . A total of 176 farmers (41%), homogeneously distributed throughout the study area, responded to the questionnaire (Fig. 1) . However, the questions were not always completely answered; 337 of the 7,216 questions (4.7%) were left without response. In total, 129 herds (73%) were kept solely for milk production and the remaining 47 herds for combined milk and beef production. Among 43 positive herds, at farms that also responded to the questionnaire, 31 (72%) were purely dairy cattle with the herd size varying between 15 and 640 animals (Fig. 2) . The ratio of conventional to organic farms was 5:1 (Fig. 3) . Furthermore, all cows and heifers had outdoor access for several months during the grazing period, a statutory requirement in Sweden.
In the bivariate correlation analysis, the length of the grazing period for heifers (R = 0.244; P = 0.002) was positively correlated with F. hepatica seropositivity in BTM seropositivity. A weak, non-significant correlation was observed for the length of grazing period for cows (R = 0.136; P = 0.077), herd size (R = 0.123; P = 0.142) and mowing of cow pasture (R = 0.123; P = 0.109). The multivariate regression logistic model for all variables did not fit, and its predictive value was low (Omnibus Tests of Model Coefficients = 3.158, P = 0.676; Hosmer and Lemeshow Test = 5.312, P = 0.724). Of the six models for specific categories, only the length of grazing period for cows and heifers (model IV) was close to statistical significance (Omnibus Tests of Model Coefficients = 8.351; P = 0.080; Hosmer and Lemeshow Test = 1.140; P = 0.951). According to this model, the length of the grazing period for heifers was a significant positive predictor of F. hepatica seropositivity as expressed by the exponent of regression coefficient (Exp (B) = 2.709; 95% confidence interval of Exp (B) = 1.170-6.273). For the final model, four factors (length of grazing period for heifers, length of grazing period for cows, herd size, mowing of cow pasture), which were significant or close to significant in the initial bivariate correlations, were manually selected for further testing with multivariate analysis. According to the final model, length of the grazing period for heifers was the only significant predictor ( Table 2) . Mowing of cow pastures had also predictive potential but was not statistically significant (P = 0.116).
No correlation was observed between meat inspection data and seropositivity, but there was an apparent difference between the proportion of seropositive and seronegative herds for the categories "no remarks" and "liver fluke presence" (code 79/80) (Fig. 4) . Contingency analysis revealed significant differences between groups (χ 2 = 21.2; P <0.001). Of 71 herds with no remarks or unknown status at inspection, 12 (17%) of the BTM samples were liver fluke-seropositive. In contrast, out of 105 herds where the parasite was observed at slaughter, in combination with those, which had pathological liver changes, only 31 BTM samples (30%) had antibodies to F. hepatica. The highest seroprevalence (80%) among these groups was recorded in 45 herds with confirmed presence of liver flukes at slaughter and the second highest (29%) in herds (n = 31) where both liver flukes and liver damage were found.
Discussion
The overall level of F. hepatica seroprevalence in Sweden found in this study (25%) is similar to, or somewhat lower than that reported for several other European countries, e.g. Belgium 37% (Bennema et al., 2009 ), UK 48-72% (Salimi-Bejestani et al., 2005 McCann et al., 2010 ), Portugal 11-42% (Conceicao et al., 2004 , Germany 24% (Kuerpick et al., 2013) and Spain 20% (Sanchez-Andrade et al., 2002 ). In contrast, it is much higher than that reported in a previous Swedish study in 2008, when only 7% of 205 herds were infected (Höglund et al., 2010) . However, these and several other studies only covered a small region in each country, whereas the present investigation was region-wide and included approximately 9% of all dairy herds in Sweden at the time.
In the study year, the reported prevalence of F. hepatica infection based on meat inspection was only 9.8% in all cattle slaughtered in Sweden (König and Welling, 2013 ), while we found 25% seropositivity. Similar discrepancies between meat inspection data and serology screening were observed for beef cattle in Sweden in 2007 (Novobilský et al., submitted) , where seroprevalence and abattoir prevalence were 10% and 3.5%, respectively. Similar observations were reported from Switzerland, where infected livers were detected only in two-thirds of seropositive animals at abattoir inspection (Rapsch et al., 2006) . Charlier et al. (2008) showed that only one third of F. hepatica infected livers was detected by standard meat inspection cuts, that Fig. 2 . Distribution of herd type (dairy or dairy and beef) and F. hepatica seropositive herds in Sweden in the farms that completed the questionnaire (n = 176). Fig. 3 . Distribution of herd type production (organic or conventional) and F. hepatica seropositive herds in Sweden in the farms that completed the questionnaire (n = 176).
include opening of the major bile duct. These observations, in combination with our findings, suggest that liver fluke infection is underdiagnosed at meat inspection for all cattle categories. This is further supported by the fact that the data from meat inspection reports did not always correlate with the BTM-ELISA results. There are several reasons for this. First, it has been demonstrated that 20-60% of animals in a herd must be infected to produce a positive result in BTM-ELISA (Reichel et al., 2005; Duscher et al., 2011) . Thus, the finding of seronegative herds with reported liver flukes at slaughter might be explained by the fact that the infection burden was low and that this minimum herd prevalence was not detectable by the ELISA-based BTM investigation. Secondly, although antibody levels remain high for several months (Phiri et al., 2006) , data from abattoir inspections were obtained via the questionnaire and reflected the situation in the herd during the previous three years. Thus the datasets did not exactly match each other. We have to admit that meat inspection data in the study were obtained from farmers via the questionnaire, and meat inspection data can be affected depending of the level of communication between abattoir and farmer. However, abattoirs in Sweden (>100 slaughtered animals per day) usually give direct feedback to farmers about meat inspection results, which are protected by privacy policy.
The spatial distribution of liver fluke-positive herds in this study agrees with that observed for a serologic survey of Swedish beef cattle carried out in 2007 (Novobilský et al., submitted) , where two main clusters were defined in south-west Sweden. Unlike in beef cattle (Novobilský et al., submitted) , we detected one positive dairy herd on Gotland, verifying the presence of liver fluke on this large Baltic Sea island, which until now has been assumed to be free of this infection. Abattoir data from Gotland, however, show prevalence rates less than 0.1% (König and Welling, 2013) . It would be worthwhile investigating how the spread of F. hepatica is influenced by movement of farm animals.
The final logistic regression model showed that the length of grazing period for heifers was the only significant F. hepatica predictor. This is reasonable, as animals with an extensive grazing season are likely to be more exposed to liver fluke cysts (metacercariae). In cows, however, there was no association between length of the grazing period and liver fluke seropositivity. This is not surprising, as dairy cows are generally kept on frequently re-seeded grass leys, where expo- Charlier et al., 2011) . Our data suggest an association with mowing of pasture and herd size, but not at a significant level. Most F. hepatica-seropositive BTM samples (72%) originated from conventional herds kept only for milk production. Although intensive dairy production with improved pastures should, hypothetically, predict lower exposure than for beef cattle, this was not observed in our study. Furthermore, there was no difference between conventional and organic herds. This is not surprising as, by law, all cattle in Sweden must have outdoor access during the entire grazing season. This confirms previous findings of no significant differences between conventional and organic herds (Höglund et al., 2010) . In comparison with sheep, the use of flukicides in dairy cattle production in Sweden is very limited, and there is currently no drug for use in lactating animals (König and Welling, 2013) . Thus, flukicides are not in general used in lactating and dry cows in both conventional and organic herds.
A milder climate associated with increased rainfall and a longer grazing period on waterlogged soil have previously been shown to be beneficial to both the parasite and its intermediate host (Conceiçao et al., 2004) . Changes in weather conditions are likely to give similar problems in Sweden. The parasite is likely to increase in areas where it already exists today and can also spread to adjacent areas that were not previously a suitable habitat. Therefore, a further increase in liver fluke prevalence might be expected in Sweden. It can be assumed that most dairy cows are less exposed to metacercariae than calves and/or heifers in Sweden, because they generally graze on marginal pastures favouring habitats of the intermediate snail host (Novobilský et al., 2014) . However, F. hepatica causes chronic infection and as the number of lactations in Swedish dairy cows is now down to an average of 2.6 (Växa Sverige, 2013), it was not surprising that seropositivity is relatively high in lactating animals. However, further studies are required to determine whether this affects liver fluke epidemiology, milk production and opportunities for parasite control.
